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ABSTRACT 
Purpose: To determine, under flow conditions, whether reduced connections 
between Schlemm’s canal (SC) inner wall (IW) and juxtacanalicular tissue (JCT) 
cells play a role in giant vacuole (GV) formation; and whether decreased amount 
of cell margin overlap between adjacent IW cells promotes paracellular pore 
formation using serial block-face scanning electron microscopy (SBF-SEM). 
Methods: Normal human eyes were immersion-fixed (0 mmHg, N=2) or 
perfusion-fixed (15 mmHg, N=1). Frontal and radial sections of SC were 
processed for SBF-SEM. IW and JCT cells, GVs, and pores were 3D-
reconstructed. In each IW cell, total number of connections with underlying JCT 
cells/matrix was determined. Total cell margin length (TCML) and zero-overlap 
length (ZL) of each IW cell were measured to calculate percent zero-overlap 
length (PZL=ZL/TCML). All data were compared between the eyes fixed at 0 and 
15 mmHg. 
  vi 
Results: Total number of IW/JCT connections in individual IWs significantly 
decreased in the eye fixed at 15 mmHg (33±5, N=5 cells) compared to those 
fixed at 0 mmHg (189±12, N=4 cells, p<0.001). The summed GV volume in 
individual cells significantly increased in the eye fixed at 15mmHg (218.03±19.65 
µm3) compared to those fixed at 0 mmHg (82.33±27.22 µm3, p=0.0043). PZL 
increased 26.68% (p=0.001) in the eye fixed at 15mmHg vs. those fixed at 
0mmHg, and all paracellular pores were found only in regions where the overlap 
length was 0 µm. 
Conclusions: Cellular connections between IW/JCT and IW/IW cells play a role 
in GV and pore formation in normal human eyes under flow conditions. Our 
results provide a baseline for future comparison with primary open angle 
glaucoma eyes. 
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INTRODUCTION 
 Primary open-angle glaucoma (POAG) is a leading cause of blindness 
worldwide (Quigley, 1996). A primary risk factor for the development of POAG is 
elevated intraocular pressure (IOP), resulting from increased aqueous outflow 
resistance (Dannheim, 1968; Brubaker, 1991; Ellingsen, 1971). An 
understanding of POAG begins with an understanding of the anatomical 
structures related to the primary outflow resistance site. This site is believed to 
be located in the inner wall endothelium of Schlemm's canal (SC), its basement 
membrane, and underlying extracellular matrix (ECM) in the juxtacanalicular 
tissue (JCT) (Grant, 1958; Grant, 1963; Mäepea & Bill, 1989; Mäepea & Bill, 
1992). However, the exact mechanism through which outflow resistance is 
generated and regulated in this region remains unclear.  
The aqueous humor is produced and secreted by the ciliary body into the 
posterior chamber of the eye, and enters the anterior chamber through the pupil 
(Freddo & Gong, 2006) (Figure 1). Aqueous humor flows out of the eye through 
two pathways: the conventional (or trabecular) and the unconventional (or 
uveoscleral) outflow pathway. The majority of the aqueous humor drains through 
trabecular outflow pathway, a system of channels in the trabecular meshwork 
(Figure 1A), into a circumferentially oriented vessel called Schlemm's canal, and 
finally into the venous system of the episclera (Freddo & Gong, 2006). From this 
canal, circuitous channels weave toward the surface of the sclera, ultimately 
joining the episcleral vasculature (Freddo & Gong, 2006). Flow through this 
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system is passive, down a pressure gradient, and, thus, any event that elevates 
episcleral venous pressure will result in elevation of intraocular pressure. 
Resistance to trabecular outflow is required to maintain normal intraocular 
pressure in the eye. However, in the normal eye, 5%-10% of total aqueous 
humor leaves through the uveoscleral pathway (Bill, 1971; Pederson & Toris, 
1987).  
Figure 1. Light micrograph of a radial section of the anterior chamber angle in 
the eye. (A) The anterior chamber angle is shown. Schlemm’s canal (SC), ciliary 
body, sclera, limbus, iris, and trabecular meshwork (TM) are labeled. 
Magnification bar: 0.1 mm. (B) The inner wall of SC is shown. From proximal to 
distal, the trabecular meshwork and the juxtacanalicular tissue (JCT) are labeled. 
Giant vacuoles in the inner-wall endothelium of SC are also present. 
Magnification bar: 200 µm. 
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The portion of the trabecular meshwork between the trabecular beams 
and the inner wall of Schlemm's canal has a fundamentally different structure. 
Instead of connective tissue beams wrapped within trabecular endothelial cells, 
the juxtacanalicular (JCT) region is an open connective tissue matrix in which 
fibroblast-like cells, rather than endothelial cells, are found (Freddo & Gong, 
2006). From the JCT region, aqueous humor traverses the inner wall 
endothelium of Schlemm's canal to enter its lumen. How aqueous humor 
traverses the endothelium of Schlemm's canal remains one of the enigmatic 
problems of ocular anatomy and physiology. 
When freshly enucleated normal human eyes are fixed under pressure, 
the presence of giant vacuoles (GVs) is a unique feature of the inner wall 
endothelial cells (IW cells) of SC (Tripathi, 1972). They are the discrete 
distensions within IW cells that protrude into the SC (Figure 1B, Figure 2a). 
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Aqueous humor fills GVs through their basal connections with the extracellular 
space and is released into the lumen of SC through small discrete openings, 
intracellular pores (Figure 2a), that develop in the abluminal vacuole wall 
(Tripathi and Tripathi, 1974; Ethier, Coloma, Sit, & Johnson, 1998). The other 
distinct type of pore in the inner wall is paracellular pores passing between cells 
(Figure 1B; Figure 2). Previous studies showed that a reduced density of both 
pore types occurs in the eyes with POAG, likely contributing to the elevated 
outflow resistance characteristic of the disease (Johnson et al., 2002; Allingham 
et al., 1992). Considering that the passage of aqueous humor into SC appears to 
require formation of GVs and pores (Ethier, Coloma, Sit, & Johnson, 1998; 
Grierson & Lee; 1977), it has long been hypothesized that the development of 
these unique structures plays a key role in facilitating aqueous outflow.  
Figure 2. Transmission electron micrographs of intracellular pore and paracellular pore 
in the inner wall of Schlemm’s canal. Images adapted from Gong & Francis (2014) (a) 
The juxtacanalicular tissue region with elastic fibers (EL) and the inner-wall endothelium 
of Schlemm’s canal (SC) with giant vacuole (V) and an intracellular pore leading into SC 
(arrowhead) are shown. Aqueous humor is believed to traverse the inner wall of 
Schlemm’s canal (SC) through small openings or pores. There are two types of pores: 
intracellular and paracellular pores. Intercellular pores are often associated with giant 
vacuoles. (b) Paracellular pores are located at the border between two adjacent inner 
wall cells. 
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It is known that IW cells make cytoplasmic connections to the underlying 
JCT cells (Gong, Tripathi, & Tripathi, 1996; Johnstone, 1979). Recent discovery 
showed that disconnections between IW/JCT cells caused by Rho-kinase 
inhibitors lead to increased outflow facility and decreased IOP (Gong & Yang, 
2014; Yang, Liu, Lu, Ren, & Gong, 2013; Lu, Overby, Scott, Freddo, & Gong, 
2008; Lu, Zhang, Freddo, & Gong, 2011). This finding led to the hypothesis that 
changes in the IW/JCT connectivity can regulate outflow resistance, but whether 
this regulation acts through influencing GV and intracellular pore formation 
remains unknown. Only one other study (Grierson and Lee, 1977) to our 
knowledge attempted to quantify and categorize these connections between the 
IW and JCT through non-serial images in monkey eyes. However, the study was 
not able to provide the exact numbers of connections between individual IW cells 
and underlying JCT cells or ECM. 
Recently, an advanced three dimensional-EM (3D-EM) technology, using 
serial block-face scanning electron microscopy (SBF-SEM) was developed (Denk 
& Horstmann, 2004). Neuroscientists use this new technique to reconstruct 
neurons and their organelles and microstructures (Denk & Horstmann, 2004; 
Jungreuthmayer, 2015; Kreshuk et al., 2015; Hammer, Monavarfeshani, Lemon, 
Su, & Fox, 2015; Kuwajima, Spacek, & Harris, 2013). We are the first research 
team to exploit SBF-SEM to successfully create 3D reconstructions of individual 
IW cells (Vargas-Pinto, Lai, Gong, Ethier, & Johnson, 2015). Using our 3D cells 
and computer modeling, Dr. Johnson’s team at Northwestern University found 
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that during pressure loading, the points of IW cell-to-substrate attachment are 
where most strain is generated. The conclusion was that unless these cells have 
substantial attachments to their substratum, they cannot form GVs, or even 
support a significant transcellular pressure gradient as observed (Grant, 1958, 
1963; Mäepea & Bill, 1989, 1992; Zeng et al., 2010; Vargas-Pinto, Lai, Gong). 
Thus, it is reasonable to speculate that the intensity of IW/JCT connections is 
critical to GV formation. However, the accurate number of IW/JCT connections in 
individual IW cells has never been determined. Furthermore, changes in these 
connections under different flow conditions, as well as their possible role in GV 
and pore formation, remained unexplored due to the lack of quantification 
methods.  
The IW cells connect to each other via tight junctions, forming overlaps at 
cell margins (Raviola & Raviola, 1981; Ye, Gong, Sit, Johnson, & Freddo, 1997). 
It has been shown that the tight junctions between IW cells simplify as IOP 
increases (Ye, Gong, Sit, Johnson, & Freddo, 1997). Coupled to this decrease in 
junctional complexity is a reduction in the amount of overlap between adjacent 
IW cells (Ye, Gong, Sit, Johnson, & Freddo, 1997). This prompted a hypothesis 
that paracellular pores in the IW result from a focal elimination in the cell overlap 
and interruption of the continuity of the tight junctions joining IW cells. However, a 
close examination of the irregular structures of IW cell-cell overlap is restricted by 
the limited number of sectioning angles in two-dimensional EM techniques. In a 
freeze-fracture study, the focal reductions in junction strands to zero are 
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exceedingly difficult to document, given the arbitrary nature of fracture plane 
through the tissue (Ye, Gong, Sit, Johnson, & Freddo, 1997). Because the angle 
of approach is critical for visualization, there is a need to explore new methods to 
examine the changes in these areas of zero overlap under different flow 
conditions, as well as how they relate to paracellular pore formation. 
In this study, we test our hypothesis that, when normal human eyes are 
fixed under flow condition, reduced connections between IW and JCT cells play a 
role in GV formation and that decreased amount of cell margin overlap between 
adjacent IW cells promotes paracellular pore formation. SBF-SEM was used to 
reconstruct, for the first time to our knowledge, IW and JCT cells, GVs, pores, 
IW/JCT connections, and IW/IW overlap regions in eyes fixed under no-flow and 
flow conditions.  
METHODS 
Materials 
Three human donor eyes with no known history of eye disease (age 69, 
70, and 74 years) were received from National Disease Research Interchange 
(Philadelphia, PA) within 24 hours postmortem. 
Imaging of IW cells 
Two eyes were immersion-fixed with 2.5% glutaraldehyde and 4% 
paraformaldehyde in a 0.1-M sodium cacodylate buffer, and the third eye was 
perfusion-fixed with 2.5% paraformaldehyde in phosphate buffer at 15 mmHg. 
Radial and frontal tissue samples of the TM including SC were cut. The fixed 
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tissues blocks were stained with tannic acid and then stained with osmium-
ferrocyanide, followed by tetracarbohydrazide treatment, and then further stained 
with aqueous osmium tetroxide. Tissues were then incubated in saturated 
aqueous uranyl acetate, followed by Walton’s lead aspartate (Deerinck et al. 
2010). Following this, tissues were dehydrated and embedded in Epon. 
SBF-SEM image data sets were acquired at Renovo Neural Inc. 
(Cleveland, OH). The tissue blocks were mounted, examined, and sectioned in a 
Zeiss Sigma VP scanning EM equipped with a Gatan 3View in-chamber 
ultramicrotome stage with low-kV backscattered electron detectors optimized for 
3View systems. SC in each sample block was initially identified, and regions of 
interest (ROIs) were chosen to include small portion of lumen of SC, IW 
endothelium of SC, and the underlying JCT and trabecular beams.  
The first sample block was obtained from the first immerse-fixed eye 
(immersion-fixed eye 1, Table 1). The block was sectioned longitudinally along 
the longer axis of SC (Figure 3A). An extensive series of serial 500 SEM images 
in a field size of 204.80 × 61.40 μm were acquired at 2.25 kV with a resolution of 
10 nm per pixel and 100 nm per slice. Five IW cells were captured from this data 
set. However, due to the great cell length along the major axis, the limited field 
size could only capture one complete IW cell (IW01), while the other four cells 
were partially out of the field.  
The second sample block was obtained from the other immersed-fixed 
eye (immersed-fixed eye 2, Table 1). To ensure capture of the full length of IW 
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cells while maintaining appropriate field size and similar resolution, cross 
sections along the shorter axis of SC were cut in this sample block (Figure 3B). 
Each image obtained from this block thus showed a transverse view of the IW 
cell. A series of 1001 SEM images in a field size of 53.30×31.98 μm was 
acquired at 1.5kV, with a resolution of 10.41nm per pixel and 150 nm per slice. 
Three IW cells (IW02-04) were captured in full length from this block, and six 
other cells were partially out of field. A total of 5 JCTs were captured from the two 
immerse-fixed samples. 
The third sample block was obtained from the perfusion-fixed eye (Table 
1). Cross sections along the shorter axis of SC were cut in this sample block. A 
series of 1525 SEM images in a field size of 103.42×62.05 μm was acquired at 
1.5kV, with a resolution of 10.10 nm per pixel and 150 nm per slice. Five IW cells 
(IW05-09) were captured in full length from this block, and two other cells were 
partially out of field. A total of 5 JCTs were captured from the perfuse-fixed 
sample. 
 
Table 1. Immersion- and perfusion-fixed sample information 
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Figure 3. Schematic comparison between the longitudinal and cross-sectional 
cuts of the IW cells and the different SEMs as a result. (A) The first sample block 
was sectioned longitudinally along the longer axis of SC (dashed line), and, thus, 
the inner wall cell. Some inner wall cells were captured from this data set; 
however, due to the great cell length along the major axis, the limited field size 
could only capture one endothelial cell (asterisk), while the other cells were 
partially out of field. (B) To ensure capture of the full length of IW cells while 
maintaining appropriate field size and similar resolution, cross sections along the 
shorter axis (dashed line) of SC were cut in this block. Each image obtained from 
this block thus showed a transverse view of the IW cell. Multiple cells were 
captured in full length (asterisk), and other cells were partially out of field. 
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3D reconstructions  
The resulting images were assembled into volumetric files and aligned 
using DigitalMicrograph (Gatan) at Renovo Neural. In Gong lab, target structures 
in image stacks containing hundreds to thousands of 2D orthoslices were traced 
individually in each EM section. All tracings of cells and microstructures were 
performed in Reconstruct (Fiala, 2005). Tracings were made according to cell 
boundaries as previously described (Müller-Reichert, 2010). The traces were 
then manually segmented into 3D geometries in Reconstruct and Amira (Stalling, 
Westerhoff & Hege, 2005). The lengths and volumes of Reconstruct 3D 
geometries were calculated by the software’s ‘‘Material Statistics’’ modules (see 
Morphometric analyses section). Using these modules, we obtained all of the 
three-dimensional size parameters reported in the results section. Measurements 
in the Z-dimension (the 3rd dimension, as opposed to the XY-plane of the images, 
which is two-dimensional) were made in Reconstruct using a special tool called 
Z-trace.  
All measurements were taken twice by the same observer (JL) using 
Reconstruct, and the means of the two measurements were used for analysis. 
Additionally, two trained, masked second observers (DG, AZ) repeated all 
measurements to confirm the repeatability of the method. The mean percentage 
differences between DG and JL was 6.78%, and between AZ and JL was 4.12%, 
showing no significant statistical differences. 
 
 12 
 
Morphometric analyses 
IW and JCT cells dimension 
To evaluate the effect of flow condition on the IW and JCT cell dimension, 
the length, width, and height of the cells were measured (Figure 4, Figure 5). 
Figure 4. A schematic of the measurements of inner wall cell length. The length 
of the IW cell was measured along the major axis of the cell in the Z-dimension, 
indicated by a green dotted line; the “Z-trace” tool was used in Reconstruct to 
obtain this third–dimensional data. 
  
 
Figure 5. Methods for inner wall cell width and thickness measurements on 
scanning electron microscopy. (A) The width of IW cell was measured on the 
image where the nucleus is the largest (i.e. the cell is the widest), along its minor 
axis, indicated by a red dotted line. The measurement was made by drawing a 
straight line that connects the two borders of the cell. (B) The thickness in the 
non-nuclear and non-GV region of IW cells was measured on specific SBF-SEM 
images where either nucleus or GVs were not observed. This is indicated by a 
yellow straight line. The measurement was made by first drawing a line (red 
straight line) that connects the two borders of the cell, and then drawing a second 
line (blue straight line) penetrating the thickest region of the cell that is 
perpendicular to the first line. 
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Giant vacuole volume 
To identify GVs in a cell, every single SEM image of that particular cell 
was examined. Identifications were made according to descriptions of their 
appearances (Gong et al., 2002, Inomata et al., 1972). The number of GVs per 
cell was then counted manually. For the purpose of quantification, it was 
A 
B 
SC 
IW cell 
SC 
JCT cell 
IW cell 
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important to differentiate between vacuoles which could have been either 
pinocytotic vesicles or smaller giant vacuoles (Grierson & Lee, 1995, 1997, 
1998). Therefore, in our study, vesicular structures which were smaller than 1.0 
um3 in diameter were excluded from the vacuole count. 
The volume of individual GVs were measured using the tool, Volume, in 
Reconstruct. The Volume tool automatically computes the volume of a traced 
object using the Cavalieri formula: 
Volume = ∑area enclosed by each trace × section thickness 
Three methods were used to examine differences in giant vacuole volume 
between the immersion- and perfusion-fixed eyes. The first method calculated for 
the mean volume of all 14 GVs in the eyes fixed at 0 mmHg and the mean 
volume of all 18 GVs the eye fixed at 15 mmHg, and the differences between 
those two mean values were compared. The second method was to first identify 
the largest GV in each cell, calculating for the mean volume of those largest GVs 
from each cell from the eyes fixed at 0 mmHg and from the eye fixed at 15 
mmHg, and the differences between those two groups were compared. The third 
method was that we added the volumes for all GVs in each cell to obtain a 
summed volume of all GVs in individual cells from the eyes fixed at 0 mmHg and 
from the eye fixed at 15 mmHg, and the differences between those two groups 
were compared. 
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IW-JCT connections 
The precise number of cell-to-cell connections between an IW cell and 
underlying JCT cells and ECM was determined by manual count for nine 
reconstructed IW cells. These processes that connect the IW and JCT layers 
were categorized into six types of connections based on a previous study in 
rhesus monkey eyes by Grierson, Lee, Abraham & Howes (1978). Of those six 
types, five showed the connection of an IW cell to underlying JCT cells, while one 
type showed the connection of an IW cell to the ECM of JCT (Figure 6A & 6B). In 
the current study, an additional seventh type was identified as a larger area of 
cell body contacts between the IW and JCT cells (IW body-to-JCT body, Figure 
5B), which was not reported in Grierson et al., 1978.  
Figure 6. Comparison of seven connections types between the IW and JCT. (A) 
The first type shows the IW cell extending cytoplasmic process to underlying 
extracellular matrix, not to any cell bodies of JCT. Type 1: IW process-to-extra 
cellular matrix. (B) Type 2: IW process-to-JCT cell body, type 3: IW tongue-in-
JCT groove, type 4: IW process-to-JCT process, type 5: JCT process-to-IW 
body, type 6: JCT tongue-in-IW groove, type 7: IW body-to-JCT body. 
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IW-IW overlap 
The amount of overlapping borders between two adjacent IW cells was 
quantified. On individual SEMs, we measured the length of the part of cell border 
that overlaps with the adjacent cell border. (Figure 7). This was determined as 
the overlap length (OL).  
Figure 7. Measurement method for the overlap length (OL). Measurement was 
made by drawing a curved line (green) along the cell border that laps with the 
other cell border. The OL measurement was done on both of the borders of a cell 
in order to calculate for a mean value.  
 
 
Figure 8. Measurement methods for the total cell margin length (TCML) and the 
zero-overlap length (ZL). (A) shows the 3D scene of the reconstructed IW 
endothelium (apical view) from an eye fixed at 0 mmHg. Eight IW cells (partial 
and complete cells) are seen in this view, and each cell is indicated with number 
1-8. Scale bar = 40 µm. (B) shows a higher-magnification of IW cells 1 (orange) 
and 2 (blue), with a focus on the cell 1/cell 2 overlapping border. Scale bar = 20 
µm. (C) IW cells 1 and 2 are made semi-transparent to appreciate the overlapped 
regions (highlighted in white). Scale bar = 20 µm. (D) Total cell margin length 
(TCML) was defined as the length of the border of a cell (red dashed line). Zero-
overlap length (ZL) was defined as the length of the specific regions along the 
cell margin where the overlap length (OL) becomes 0 µm (green solid line). Scale 
bar = 20 µm. 
 
 17 
 
 
 
The total cell margin length (TCML) and zero-overlap length (ZL) of each 
IW cell were measured to calculate percent zero-overlap length (PZL=ZL/TCML). 
The total cell margin length (TCML) was defined as the length of the cell border 
(Figure 8). The zero-overlap length (ZL) was defined as the Z-trace 
measurement of the particular parts along the cell margin where the overlap 
length (OL) = 0 µm (Figure 8).  
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Identification of intracellular and paracellular pores 
Pore identification was performed with fixation conditions masked such 
that the reconstructed cell geometry and all serial images associated were 
unknown to the observers. The key was broken only after all pore identifications 
had been finalized. The pore diameter was measured in Reconstruct for all pores 
found.  
To identify intracellular pores in an IW cell, every single SBF-SEM image 
of that particular cell was examined. Identifications of an intracellular pore were 
made according to descriptions of their appearances: an opening in the cell 
membrane that is elliptical with a smooth perimeter (Allingham et al., 1992; Ethier 
et al., 1998; Braakman et al., 2014). The excluding criteria include: Irregular-
shaped tears, ruptures, or broken openings in the cell layer that may be artifacts.   
Identification of a paracellular pore was made also according to 
descriptions of morphology: a gap or opening at the cell border that intersect its 
perimeter, passing between two individual cells (Allingham et al., 1992; Ethier et 
al., 1998; Braakman et al., 2014).   
Statistical analysis 
Unpaired Student’s t-tests were computed to compare the differences 
between eyes that were fixed at 0 and 15 mmHg in all of the observed 
characteristics with a required significance level of 0.05. Simple linear regression 
analyses were performed to investigate the association between the independent 
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variable, number of IW/JCT interactions, and the dependent variable, GV 
volume, for all nine IW cells. 
 
RESULTS 
Dimensions of IW and JCT cells at 0 and 15 mmHg 
The mean length of IW cells was not significantly different between the 
eyes fixed at 0 mmHg (81.75 ± 13.12 µm, mean ± SE) and 15 mmHg (79.40 ± 
5.10 µm, p = 0.082, Figure 9A). The width of IW cells was significantly wider at 
15 mmHg (20.60 ± 1.29 µm), compared to 0 mmHg (12.25 ± 0.85 µm, p = 
0.0014, Figure 9B). The thickness in the non-nuclear and non-GV region of IW 
cells was significantly thinner at 15 mmHg (0.09 ± 0.01 µm), compared to 0 
mmHg (0.29 ± 0.05 µm, p = 0.0001, Figure 9C).  
 
Figure 9. Comparison of inner wall cell length, width and thickness in the eyes at 
fixed 0 and 15 mmHg. (A) The mean length of IW cells was not significantly 
different between the eyes fixed at 0 mmHg (81.75 ± 13.12 µm, mean ± SE) and 
15 mmHg (79.40 ± 5.10 µm, p = 0.082). (B) The mean cell width was significantly 
wider in the eye fixed at 15 mmHg (20.60 ± 1.29 µm) than those fixed at 0 mmHg 
(12.25 ± 0.85 µm, p = 0.0014). Error bars: SE. *p < 0.05. (C) The mean cell 
thickness of non-GV and non-nuclear regions was significantly thinner in the eye 
at 15 mmHg (0.09 ± 0.01 µm) than those fixed at 0 mmHg (0.29 ± 0.05 µm, p = 
0.0001). Error bars: SE. *p < 0.0001. 
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Number and volume of giant vacuoles at 0 and 15 mmHg 
There were no significant differences in the total number of GVs per IW 
cell between the eye fixed at 15 mmHg (18 GVs/5 cells) and those fixed at 0 
mmHg (14 GVs/4 cells, p = 0.9325, Table 2). The size distribution of the GVs is 
shown in Figure 10A. Although a difference was observed in the mean volume of 
all GVs between the eyes fixed at 0 mmHg (23.52±11.36 µm3) and the eye fixed 
at 15 mmHg (160.56±109.78 µm3), this difference did not reach statistical 
significance (p = 0.2829, Figure 10B). 
However, when only the largest GVs in each cell (indicated with an 
asterisk in Table 1) were considered, the mean volume of these large GVs in 
each cell significantly increased in the eye fixed at 15mmHg (199.05±12.11 µm3) 
compared to those fixed at 0 mmHg (74.12±27.54 µm3, p<0.01, Figure 11A). 
Similarly, when we add the volumes for all GVs in each cell to obtain a summed 
volume of all GVs in individual cells, the summed GV volume in individual cells 
significantly increased significantly increased in the eye fixed at 15mmHg 
(218.03±19.65 µm3) compared to those fixed at 0 mmHg (82.33±27.22 µm3, 
p<0.01, Figure 11B). An example of reconstructed GVs in an IW cell in 3D scene 
is shown (Figure 12). 
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Table 2. Volume of giant vacuoles in eyes fixed at 0 vs. 15 mmHg 
0 mmHg Volume (µm3)  15 mmHg Volume (µm3) 
Cell 1 1.3931  Cell 1 21.4542 
 88.8045*   200.6600* 
 3.0371   4.6656 
 6.3841  Sum 228.3140 
Sum 100.3475  Cell 2 21.6272 
Cell 2 1.0302   164.8977* 
 3.4616   3.2374 
 3.9519   5.2791 
 1.2170   5.6636 
 42.7772*   1.2566 
 5.3105  Sum 201.9616 
Sum 58.5914  Cell 3 220.8600* 
Cell 3 144.7580*   2.6073 
 4.3138   1.3538 
Sum 149.3539   1.3074 
Cell 4 20.1200*  Sum 226.4806 
 2.7471  Cell 4 209.7800* 
Sum 23.8528   67.2395 
    1.1157 
   Sum 278.5497 
   Cell 5 2.5098 
    154.6219* 
   Sum 157.4758 
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Figure 10. Comparison of GV volume between the eye fixed at 15 mmHg and 
the eyes fixed at 0 mmHg. (A) The distribution of GV volume (size) is 
demonstrated. In eyes fixed at 0 mmHg, there were more GVs in the range of 
volume = 1-100 µm3. In the eye fixed at 15 mmHg, there was an increased 
number of GVs whose volume fell in the range of 100-240 µm3. (B) A box-and-
whisker plot showing that the mean volume of all of the GVs increased in the eye 
fixed at 15 mmHg compared to the eyes fixed at 0 mmHg (p=0.2829); however, 
because the standard errors were high, this increase did not reach significance.  
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Figure 11. (A) A bar chart showing that the mean volume of the largest GVs in 
individual IW cells significantly increased in the eye fixed at 15 mmHg 
(199.05±12.11 µm3) compared to those fixed at 0 mmHg (74.12±27.54 µm3, 
p=0.006). Error bars: SE. *p < 0.01.  (B) A bar chart showing that the summed 
GV volume in individual cells significantly increased in the eye fixed at 15mmHg 
(218.03±19.65 µm3) compared to those fixed at 0 mmHg (82.33±27.22 µm3, 
p=0.0043). Error bars: SE. *p < 0.01. 
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Figure 12. 3D reconstruction scene of two giant vacuoles (GVs, pink-colored, 
indicated with arrows) in an inner wall cell (blue);  
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While a total of 8 intracellular pores were observed in the five IW cells 
from the eye fixed at 15 mmHg, no intracellular pores were found in the four cells 
from the eyes at 0 mmHg. All intracellular pores were found to be associated with 
larger GVs (> 67 µm3) (Figure 12).  
Figure 13. An intracellular pore associated with a GV was observed (red arrow) 
from serial SEM images (A-C). The location of the pore can be identified (red 
circle and arrow) from 3D reconstruction of the entire IW cell (D). 
 
 
IW/JCT connections 
The number of connections between each IW cell with underlying JCT 
cells significantly decreased in the eye fixed at 15 mmHg (33±5, N=5 cells) 
compared to the eyes fixed at 0 mmHg (180±12, N=4 cells, p<0.001) (Figure 
14A). The number of connections between each IW cell with underlying ECM 
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also significantly decreased in the eye fixed at 15mmHg (39±8, N=5 cells) 
compared to the eyes fixed at 0mmHg (58±4, N=4 cells, p<0.002) (Figure 14B).  
Figure 14. Comparison of the number of connections between the IW and JCT 
cell bodies and the number of connections between IW and JCT ECM in each 
wall cell in the eyes fixed at 0 and 15 mmHg. (A) The number of connections 
between each IW cell with underlying JCT cell bodies significantly decreased in 
the eye fixed at 15 mmHg (33±5, N=5 cells) compared to the eyes fixed at 0 
mmHg (180±12, N=4 cells, p<0.001). In addition, in type 2, 4, 5, and 7 of cell-cell 
connections, the number of cell-cell connections significantly decreased in the 
eye fixed at 15 mmHg compared to the eyes fixed at 0 mmHg. Error bars: SE. *p 
< 0.001. (B) The number of connections between each IW cell with underlying 
JCT ECM also significantly decreased in the eye fixed at 15 mmHg (39±8, N=5 
cells) compared to the eyes fixed at 0 mmHg (58±4, N=4 cells, p<0.002). Error 
bars: SE. *p < 0.01) 
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Consistent with the findings of Grierson, Lee, Abraham & Howes (1978), 
we found that the connections between IW cells and JCT cells varied in their 
appearances and frequencies between the eyes at 0 and 15 mmHg. In all four IW 
cells from the eyes fixed at 0 mmHg, type 2 connections (IW process-to-JCT cell 
body), on average, were the most abundant type among all IW/JCT connections 
(37 ± 2%). Type 5 and 4 connections were the second and third most abundant 
(28 ± 1% and 19 ± 2%), respectively. 
In all five IW cells from the eyes fixed at 15 mmHg, type 2 connections (IW 
process-to-ECM) remained as the most abundant type (43 ± 1%). Type 3 and 5 
connections were the second and third most abundant types (19 ± 1% and 18± 
1%). Type 6 connections (JCT tongue-in-IW groove) were the scarcest in all cells 
from eyes fixed at both 0 and 15 mmHg. 
Using SBF-SEM, we also observed a new type of connection (type 7), IW 
body-to-JCT body connection, that was not described in the Grierson’s study.  
We also investigated the possibility of a correlation between the maximum 
volume of GV and the number of IW/JCT connections per cell; we found a 
statistically significant negative correlation using all cells in a simple linear 
regression analysis (R2 = 0.819, n = 9, p < 0.0001), showing a trend for cells with 
fewer connections to exhibit higher giant volumes. 
IW/IW overlap length and PZL 
The mean overlap length (OL) between adjacent IW cells significantly 
decreased in the eye fixed at 15 mmHg (0.52±0.19 µm) compared to the eyes 
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fixed at 0 mmHg (3.71±0.20 µm, p<0.0001) (Figure 15A, 16, 17). We found that 
there were some regions of cell margin where the overlap decreased to 0 µm, 
and we defined them as zero-overlap areas. The mean PZL increased 26.68% in 
the eye fixed at 15mmHg (29.07 ± 2.09%) compared to the eyes fixed at 0mmHg 
(2.39 ± 1.23%, p = 0.0014, Figure 15B). 
A total of four paracellular pores was found in the eye fixed at 15 mmHg 
(N = 5 cells), while no paracellular pores were observed in the 0 mmHg eyes (N 
= 4 cells). From the reconstructed 3D-EM scenes, we discovered that 
paracellular pores were found only in the zero-overlap areas (Figure 17) in the 
eye fixed at 15 mmHg.  
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Figure 15. (A) The mean overlap length was significantly shorter in the 15 mmHg 
eye (0.52 ± 0.19 µm) than in 0 mmHg eyes (3.71 ± 0.20 µm, p < 0.0001). Error 
bars: SE. **p < 0.0001. (B) The mean percentage of zero overlap length was 
significantly greater in the 15 mmHg eye (29.07 ± 2.09%) than in 0 mmHg eyes 
(2.39 ± 1.23%, p = 0.0014). Error bars: SE. *p < 0.005 
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Figure 16. 3D scene of the overlap regions between two IW cells, from an eye 
fixed under 0 mmHg. (A) Two adjacent IW cells (IW 01 and 02; in orange and 
blue) are made transparent to show overlapping borders (white, indicated with 
arrows). Scale bar = 20 µm. (B) A higher magnification of the overlap regions 
(highlighted in white and indicated with arrows). Scale bar = 1 µm. 
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Figure 17. 3D scene of the overlap regions between two IW cells, from the eye 
fixed under 15 mmHg. (A) Two adjacent IW cells (IW 05 and 06; green and blue) 
are made transparent to show the overlapping areas. Scale bar = 20 µm. (B) The 
amount of overlap visibly decreased compared to that in the 0 mmHg tissues. 
Also, more areas with zero-overlap (white arrow) were observed in the 15 mmHg 
tissues. A paracellular pore is shown (red arrow). Scale bar = 1 µm. 
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DISCUSSION 
 
We investigated whether, when normal human eyes are fixed under flow 
condition, the reduced connections between IW and JCT cells play a role in GV 
formation, and whether the decreased amount of cell margin overlap between 
adjacent IW cells promotes paracellular pore formation. SBF-SEM was used to 
reconstruct, for the first time to our knowledge, IW and JCT cells, GVs, pores, 
IW/JCT connections, and IW/IW overlap regions in eyes fixed under no-flow (0 
mmHg) and flow (15 mmHg) conditions. 
Our major findings are 1) that a surprisingly large number of connections 
exist between the IW and JCT under both flow and no flow conditions, but a 
significantly reduced number of connections was detected in the eye fixed under 
flow condition compared to eyes fixed under no flow condition. 2) A significant, 
negative correlation between the number of IW/JCT connections and size of GV 
was detected. 3) IW cells in the eye fixed under flow condition had significantly 
less overlap than those in eyes fixed under no flow condition. 4) A significant 
increase in the regions of zero-overlap was found in the IW cells in the eye fixed 
under flow condition. 5) All intracellular pores were associated with GVs, and that 
all paracellular pores were found to be located in the regions of zero-overlap. 
These results supported our hypotheses that a decreased number of IW/JCT 
connections promotes GV formation and that a decreased amount of IW/IW 
overlap promotes paracellular pore formation.  
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Number and volume of giant vacuoles at 0 and 15 mmHg 
When counting the number of GVs in a cell, any vacuole in the cytoplasm 
with a volume greater than 1.0 µm3 was counted. We did not observe any 
significant differences in the total number of GVs per IW cell between the eye 
fixed at 15 mmHg (18 GVs/5 cells) and those fixed at 0 mmHg (14 GVs/4 cells, p 
= 0.9325). Additionally, when GVs of all sizes were accounted for during 
calculation, the differences in the mean volume of all GVs between the eyes fixed 
at 0 mmHg (23.52±11.36 µm3) and the eye fixed at 15 mmHg (160.56±109.78 
µm3) did not reach significance (p = 0.2829). This was likely due to the high 
variation of vacuole volume as a result of the large number of small GVs 
compared to the small number of large GVs in each IW cell.  
When we only considered the volume of the largest GV (> 67 µm3) in 
individual IW cells, the mean volume of these large GVs in each cell significantly 
increased in the eye fixed at 15mmHg (199.05±12.11 µm3) compared to those 
fixed at 0 mmHg (74.12±27.54 µm3, p<0.01). Similarly, when we added the 
volumes for all GVs in each cell together to obtain a summed volume of all GVs 
in individual cells, the summed GV volume in individual cells significantly 
increased in the eye fixed at 15mmHg (218.03±19.65 µm3) compared to those 
fixed at 0 mmHg (82.33±27.22 µm3, p<0.01). We believe that because GV 
formation is a dynamic process, multiple GVs in a cell can congregate over time, 
and fuse together into a single GV. Therefore, the biggest GV at the time of 
fixation may be an acceptable representation of GV volume in a cell, and the 
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summed volume of all GVs in a cell may be an even better representation. The 
increased summed GV volume under flow condition is consistent with previous 
studies that GVs are pressure-dependent structures (Grierson and Lee, 1975, 
1977; Johnstone and Grant, 1973).  
IW/JCT connections 
Johnstone (1979) reported that, in monkey eyes under positive IOP, the 
“ballooning” of IW endothelium and GV-like invaginations into the lumen of SC 
were supported by the anchoring mechanism of cytoplasmic processes between 
IW and subendothelial cells. In monkey eyes in vivo, cell deformations during 
“ballooning” of the inner wall endothelium have been shown to be preceded by 
detachment from the underlying juxtacanalicular tissue (Grierson and Lee, 1977; 
Lu et al., 2008, 2011). While the cytoplasmic processes described in Johnstone’s 
monkey study are also regularly seen in the SEMs of our human eye samples, 
our 3D-EM study did not reveal a “ballooning” of the human inner wall cells in the 
3D scene from our samples fixed under 0 or 15 mmHg. The possible reason 
might be that despite their great anatomical similarity to human eyes, monkey 
eyes exhibit washout. The “washout effect” is a phenomenon in which the 
resistance to aqueous outflow decreases with the volume of perfusate flowing 
through the outflow pathways, even if the perfusate is aqueous humor itself 
(Gong & Freddo, 2009). Washout occurs in all species studied to date except for 
humans and mice (Lei, Overby, Boussommier-Calleja, Stamer & Ethier, 2011),  
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Furthermore, the JCT region undergoes distention or separation at the 
plane below the first layer of JCT cells that are attached directly to the inner wall 
(Zhang et al, 2007; Gong & Freddo, 2009). The connections between the first 
layer of JCT cells and basement membrane of IW cells may be stronger than the 
connection between the rests of the JCT cells in monkeys. This may allow for the 
“ballooning” to form more readily in the inner wall of monkey eyes compared to 
human eyes. Nonetheless, the process of physical disconnection between the IW 
and subendothelial cells seems to favor the morphological and physiological 
invagination of GV into the SC lumen.  
Vargas-Pinto’s (2015) computer modeling study previously demonstrated 
that the minimal attachments (2 tethers) of SC cells to their substratum are not 
enough for the SC cells to form GVs. Our 3D-EM data revealed that cell-cell 
connectivity between individual IW cells and JCTs is indeed extremely 
substantial in both perfusion-fixed and immersion-fixed eyes (about 39 and 180 
connections, respectively), supporting the previous hypothesis that only with 
substantial attachments to the substratum (or to underlying cells) can IW cells 
support pressure drops that are greater than 2.8 mmHg (Zeng et al., 2010; Ethier 
et al., 2008). Our results further show the number of connections between 
individual IW cells with underlying JCT cell bodies decreased under flow 
condition as compared to no-flow condition (33±5, N=5 cells vs. 180±12, N=4 
cells, p<0.001). These data indicate that these intercellular connections may be 
dynamic and responsive to changing physiological conditions. The reduction in 
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connectivity may relate to the response of the intracellular cytoskeleton matrix to 
the altered stress distribution, influencing the process of GV formation, which is 
also known to be pressure-sensitive (Grierson and Lee, 1974, 1977). In addition, 
we demonstrated in the current study that increased maximum GV volume 
correlates well with the reduced connectivity between IW and JCT cells (R2 = 
0.819, n = 9, p < 0.0001). While this association does not automatically imply 
causation, it can be taken to suggest that the reduction in the extensive 
connectivity between the IW and JCT leads to enhanced GV formation in the 
inner wall of SC. 
Because of the irregular course that cell processes take within the 
subendothelial space, it can be difficult to appreciate their interrelationships by 
light microscope, traditional TEM or SEM (Johnstone, 1979). SBF-SEM as used 
in our study provides unparalleled advantages in studying the 3D structural 
relationships of the cell processes. In each IW cell studied, all of the connections 
it has with subendothelial space were clearly visualized and accurately counted 
and categorized. The technique also directly confirms the pressure-dependent 
changes in the degree of connectivity of the elements of the trabecular meshwork 
described by TEM (Johnstone, 1979).  
We have established that there is a substantial level of attachment 
between the IW and JCT. The question then arises as to the strength of these 
attachments and whether they are equally strong to support the pressure 
gradient acting on these cells. We probe these questions by characterizing the 
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changes in the appearances and frequencies of these IW/JCT connections 
between the eyes fixed at 0 and 15 mmHg. In all four IW cells from the eyes fixed 
at 0 mmHg, type 2 connections (IW process-to-JCT cell body), on average, were 
the most abundant type among all IW/JCT connections (37 ± 2%). In all five IW 
cells from the eye fixed at 15 mmHg, type 2 remained as the most abundant type 
(43 ± 1%).  Type 5 and 4 connections were the second and third most abundant 
(28 ± 1% and 19 ± 2%), respectively, in the 0 mmHg eyes, whereas type 3 and 5 
connections were the second and third most abundant types (19 ± 1% and 18± 
1%) in the 15 mmHg eye. The changes in the frequencies of IW/JCT connections 
is additional support for the idea that the strength of these tethers potentially 
differs (Overby, 2009). The different cell adhesion strength may result from 
dynamic junctional remodeling, or mechanical changes in IW cell stiffness under 
pressure loading may influence the strength of connections between the inner 
wall and JCT to different degrees. The exact mechanism that causes the 
frequencies to change needs further investigation. 
IW/IW overlap length and PZL 
In this study, we also investigated whether there are any pressure-
dependent changes in the amount of IW/IW endothelial cells overlap. We found 
that under flow condition, the amount of IW cells overlap reduced, compared to 
no-flow condition (OL = 0.52±0.19 µm vs. 3.71±0.20 µm, p<0.0001). IW 
endothelial cells from perfusion-fixed tissue had less overlap than immersion-
fixed tissue, indicating that the mechanical stretch acting on IW cells may have a 
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functional role in the maintenance and adaptation of IW/IW intercellular 
adhesions. We also found that there were some regions of IW cell margin in 
which the amount of overlap decreased to 0 µm, and we quantified the regions 
by the percent zero-overlap length (PZL). There was a significantly increased 
amount of zero-overlap regions in the perfusion-fixed eye (percent increase = 
26.68%, p=0.001) compared to the immersion-fixed eyes. Additionally, all of the 
paracellular pores were found in areas where overlap length was 0 µm. These 
findings lead to two important conclusions. First, our data are in agreement with 
previous findings of reduced endothelial cell overlap in perfusion-fixed eyes (Ye, 
1997). Second, this suggests that our percent zero-overlap technique effectively 
quantifies the regions of 0 µm overlap.  
There must be a mechanism to regulate the reduced amount of overlap 
and the increase in zero-overlap areas between IW cells when pressure 
increases. A physiological explanation is that the intercellular junctions, like tight 
junctions in other systems (Ye et al., 1997; Ohnishi and Tanaka, 1975), are 
responsive to changing physiological conditions. The intracellular cytoskeletal 
matrix may respond to the altered stress distribution. Another explanation is that 
the reduced OL and increased PZL under flow condition influence the formation 
of paracellular pores, which is known to be a pressure-sensitive process 
(Grierson and Lee, 1975). Ye et al., 1997, demonstrated that the progressive 
junctional simplification leads to enhanced flow across the inner wall of SC. We 
demonstrated that when the zero overlap regions increased, more paracellular 
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pores were found (four pores in five IW cells, 15 mmHg vs. none in four IW cells, 
0 mmHg).  
 We found that there were more intracellular pores than paracellular pores. 
The results are not consistent with a previous study that found paracellular pores 
to be more common than intracellular pores, based on data of 5 perfusion-fixed, 
non-glaucomatous human eyes (Johnson et al., 2002; Ethier et al., 2006). Ethier 
and his colleagues (2006) found that intracellular pore density was higher than 
paracellular pore density (416 ± 85 intracellular pores/mm2 vs. 342 ± 110 
paracellular pores/mm2, mean±SE). One explanation for this difference is that we 
chose smaller regions of interest (ROIs, 1,700~12,600 μm2) in order to have 
sufficiently high resolution SEM images. As a result, our ROIs did not provide as 
many cells to study, as compared to the larger ROIs that were used to examine 
intracellular and paracellular pore density and porosity in normal human IW cells 
in situ (128,000 μm2, Ethier et al., 2006). However, in Ethier et al. (2006), a small 
percentage of the pores (2%–3%) could not be definitively classified and were 
not included in either category. Failure to classify a pore was due to either a 
partially blocked field of view or ambiguity in the exact location of intercellular 
junctions. The SBF-SEM technique used in our study effectively avoided this 
problem because the reconstructed cells could be freely rotated to any viewpoint, 
thus greatly improving the accuracy in pore identification and counting.  
Limitations 
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 There are several limitations in this 3D-EM study using perfusion- and 
immersion-fixed enucleated eye tissue. Notably, we were unable to visualize the 
dynamics of cytoplasmic processes connecting or disconnecting from cells, cell-
cell overlap reduction, or pore formation. Further in vivo models will be needed to 
visualize the cytoskeletal dynamics as well as actual GV and pore formation to 
determine whether our findings would be comparable to living, physiological 
conditions. Another limitation of this study was the relatively small sample size. 
While our findings are consistent among the cells we have reconstructed, the use 
of a larger sample size is recommended for future studies in order for the results 
to be generalizable to the broader community. 
Summary 
Forces arising from the pressure gradient are transmitted from underlying 
extracellular matrix and JCT cells to the IW cells, and onto neighboring IW cells 
via adhesive and elastic tethers (Overby, Stamer & Johnson, 2009; Grierson & 
Lee, 1978). Our advanced 3D-EM technique provided new information that has 
never been reported before on these microstructures in normal human eyes 
(perfusion- and immersion-fixed); namely, that the IW/JCT cell-cell connections in 
individual IW cells were reduced under flow condition, and that the IW/IW overlap 
also decreased under flow condition, with an increase in areas of zero overlap.  
We believe these results will together determine the extent of pressure-induced 
cell deformation. This cell deformation leads to GV formation and a thinning of 
the cytoplasm, and it is this thinning that initiates pore formation in the IW 
 42 
 
endothelium (Braakman et al., 2014; Overby et al., 2014). The results support 
our hypothesis that the connections between IW cells and JCT cells as well as 
the connectivity between neighboring IW cells play a significant role in GV and 
pore formation, which in turn regulates aqueous outflow resistance.  
The ultrathin microtome technique used in SBF-SEM generates an extremely 
large and rich morphological dataset. Although time- and labor-intensive, SEM-
SBF makes it possible to comprehensively investigate the spatial relationships of 
cellular microstructures in 3D. Future studies using SBF-SEM comparing 
between normal and POAG eyes will help us better understand changes in the 
connections between IW/JCT cells and IW/IW cells and their potential role in 
regulating outflow resistance. If disruptions in the IW/JCT connectivity and the 
IW/IW overlap can be shown to increase aqueous outflow in human eyes, we will 
have identified a target site for therapeutic intervention to decrease outflow 
resistance and thus IOP in glaucoma. 
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